Mutations of the myosin heavy-chain (MHC) gene ofDrosophila melanogaster were identified among a group of dominant flightless and recessive lethal mutants (map position 2-52, 36A8-B1,2). One mutation is a 0.1-kilobase deletion in the 5' region of the MHC gene and reduces MHC protein in the leg and thoracic muscles of heterozygotes to levels found in 36AC haploids. Three mutations are insertions of 8-to 10-kilobase DNA elements within the MHC gene and produce truncated MHC transcripts. Heterozygotes of these insertional mutations possess levels of MHIC intermediate between those of haploids and diploids. An additional mutation has no gross alteration of the MHC gene or its RNA transcripts. Although leg and larval muscles function normally in each mutant heterozygote, indirect flight muscles are defective and possess disorganized myofibrils. Homozygous mutants die during embryonic or larval development and display abnormal muscle function prior to death. These flndings provide direct genetic evidence that the MHC gene at 36B (2L) is essential for both larval and adult muscle development and function. The results are consistent with the previous molecular evidence that Drosophila, unlike other organisms, has only a single muscle MHC gene per haploid genome. Quantitative expression of both copies of the MHC gene is required for function of indirect flight muscle, whereas expression of a single MHC gene is sufficient for function of larval muscles and adult tubular muscles.
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Analysis of muscle mutants of the fruit fly Drosophila melanogaster and the small soil nematode Caenorhabditis elegans offers a unique approach to understanding the genetic regulation of myogenesis and muscle function (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . In C. elegans, mutations of myosin heavy-chain (MHC) (9) (10) (11) , paramyosin (12) , and actin (13, 14) genes have been identified, and an extensive molecular analysis has been performed. Drosophila is also suitable for such studies, because mutations that affect indirect flight muscle function and myofibrillar organization can readily be isolated and do not affect viability. Mutations have been identified in the flight muscle-specific actin gene at 88F (3R) (5) (6) (7) . In contrast to the actin genes, which constitute a family of genes that are differentially expressed in a stage-and tissue-specific manner (15, 16) , the Drosophila MHC gene at 36B (2L) is single-copy in the haploid genome and is expressed in all muscle types (17, 18) .
Previously, we have shown that haploidy of the MHC gene region at 36AC (2L) results in a reduction of MHC in adult thoracic muscle and tubular leg muscle and in larvae; only indirect flight muscle function is abnormal in these haploids (17) . These (17) . Rearrangements were deduced from the abnormal DNA bands.
To prepare RNA samples, pupae were collected within 1 day after eye pigment deposition. Pupae were ground in a 55-ml Teflon-on-glass tissue grinder in a buffer containing guanidinium isothiocyanate, and RNA was isolated by CsCl gradient centrifugation (27) . Poly(A)+ RNA was selected by chromatography of total RNA on oligo(dT)-cellulose columns (28 muscles, whereas Df(2L)H68/ + heterozygotes are wild-type for both phenotypes. Based upon the breakpoints of these deficiencies (see Materials and Methods), these results define the haplo-insufficient region for flight and myofibril formation as 36A8-B1,2. Further, using the duplication stock made by crossing the two Y;2 translocations B214 and A62 (21), we have generated flies having two normal alleles and a mutant allele (Mhc+/Mhc+/Mhc). Both the dominant flightless phenotype and the disrupted myofibril phenotype of Mhc', Mhc2, Mhc3, and Mhc4 were rescued in these aneuploid flies (at least 30 flies were examined for each strain). These results indicate that the Mhc mutations map to the cytological location of the MHC gene as defined by in situ hybridization (17, 18) .
Each of the Mhc mutants possesses a recessive lethal phenotype within the same complementation group. To date, their homozygous lethality has been inseparable from their dominant flightless phenotype, suggesting that the two phenotypes result from the same mutation. By crossing the Mhc mutants with the deficiency stocks, the lethal phenotype was also mapped to the same 9-band region ( Table 1) .
One previously characterized (2) dominant flightless mutation, Ifm (2) (17) . One or two unexpected restriction fragment(s) were detected in addition to the expected fragments. More detailed analysis of mutant DNA, using smaller probes and four restriction enzymes, allowed us to map the location of these unexpected fragments within the MHC gene (Fig. 2) .
Mhc' has a 0.1-kilobase (kb) deletion located within the first exon of the gene, as determined by the R-loop and nuclease S1 analyses of Rozek and Davidson (18) . Mhc2 and Mhc3 have 10-kb insertions at slightly different positions near or within the third intron. Mhc4 has a 9-kb insertion in the fourth intron. Ifm(2)3 has no gross alteration of the MHC gene.
To examine whether the mutant MHC gene rearrangements disrupt production of MHC transcripts, we hybridized radiolabeled MHC DNA to gel blots of RNA from wild-type and mutant pupae (Fig. 3) Fig. 2 ), this indicates that transcription is not always terminated within the insertion and that some of the abnormally large MHC transcripts from these mutant alleles are properly spliced, leading to the production of MHC mRNA. Levis et al. (31) reported that DNA insertions at the white (w) locus apparently cause a "leaky" phenotype by this mechanism. Assuming that some of the MHC protein produced from these mutant genes is normal, it is remarkable that flight muscle with nearly 90% normal levels of MHC protein is nonfunctional. This indicates that flight muscle function is exquisitely sensitive to MHC protein level.
The DNA aberrations observed in these Mhc mutants were unexpected, since the mutagen ethyl methanesulfonate causes point mutations in prokaryotes (33) . In addition to the three insertional mutants reported here, an ethyl methanesulfonate-induced mutation in the Drosophila tropomyosin gene, Ifim(3)3, has a DNA insertion of 8 kb (8) . In Drosophila, hybrid dysgenesis is caused by insertion of mobile elements (32) . However, our original scheme of mutant isolation (2) attempted to minimize the possibility 'of such dysgenic processes. There may be a mechanism in Drosophila that mobilizes DNA elements when DNA bases are alkylated. (34, 35) , mouse (36, 37) , rat (38, 39) , and human (40) and in the invertebrate C. elegans (41) Finally, our data on MHC mutations support the idea of Mogami and Hotta, who hypothesized that indirect flight muscle function would be sensitive to the dosage of myofibrillar-protein gene expression and that mutations in these genes would cause a dominant flightless phenotype (1, 2) . The development of indirect flight muscle is unique in its dependence on the dosage of the MHC gene, indicating that the assembly of the highly structured myofibrils of this muscle is more easily disrupted than in other muscle types that have less-ordered myofibrils. Dominant hypomorphic mutations in an actin gene (6, 7) and a tropomyosin gene (8) also disrupt flight muscle function, indicating a sensitivity to the dosage of these myofibrillar-protein genes as well. However, unlike the MHC gene mutations, the actin and tropomyosin gene mutations affect only flight muscle-specific transcripts. Thus these mutations, even when homozygous, do not disrupt function in other muscle types. Other dominant indirect flight muscle mutations are closely linked to the Mhc mutations (refs. 2 and 19; K.M., unpublished data). Chromosomal "walking" (26) will be useful to identify these mutant muscle genes and to examine their function in flight muscle and the significance of the clustering of muscle genes at the 36B (2L) locus.
